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Specific inhibition of core carbohydrate synthesis has been 
found to induce selective aberra tion and melanin loss in 
me1anosomes, accompanied by alteration of the carbohy-
drate moiety in functioning glycopro teins , tyrosinases. In 
order to further clarify the biologic significance of glyco-
proteins in the initiation of melanization, initial melano-
genesis which occurs during the recovery period following 
interrupted melanogenesis induced by glycosylation inhib-
itors, has been electron microscopically investigated. Changes 
in the tyrosinase activity of the corresponding melanogenic 
subcellular compartments have also been studied electron 
cytochemically. Removal of glycosylation inhibition was 
carried out after exposure of B-16 melanotic melanoma 
cells to the inhibitors for 10-20 culture days resulting in 
the loss of their melanization. Recovery of melanization 
begins visibly 48 h later, thereafter almost attaining the 
previous normal level by 72 h. At the electron microscopic 
level, re-formation of melanosomal matrix with periodicity 
is observed within premelanosomes 48 h after removal of 
glucosamine, soon followed by deposition of apparent mel-
T yrosinase is a melanogenic key enzyme which is found to contain approximately 4 asparagine-linked sugar chains (1 J. The premelanosome serves as a tyrosinase-accepting organelle which is also found to contain sugars as a constituent in its m embrane and matrix 
proteins [2J. We have previously shown that both glycoproteins 
can be selectively altered by glycosylation inhibitors such as glu-
cosamine and tunicamycin, resulting in the loss of melanization 
in cultured B-16 melanoma cells [3,4J. Removal ofglycosylation 
inhibitors is found to induce a prompt recovery of melanization 
within premelanosomes, accompanied by re-form ation of particle-
bound T3 tyrosinase whose selective loss had occurred within 
un melanized cells induced by glycosylation inhibition [5J. Initial 
melanogenesis has recently becom e the subject for much debate 
w ith special reference to how tyrosin ase maturation is interrelated 
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dopa: dihydroxyphenylalanine 
GERL: Golgi-associatcd endoplasmic reticulum of lysoso mes 
anin particles along their periodicity by 72 h. In tunica-
mycin experiments, melanization within premelanosomes 
starts after the concentration of the fine threadlike interior 
becomes less distinct followed by a prominence of multiple 
accumulation of microvesicles within the interior. Electron 
microscopic dopa reaction shows that the deposition of 
dopa melanin is prominent in Golgi-associated endo-
plasmic reticulum of lysosome and coated vesicles up to 
24 h after the removal. Thereafter, predominant localiza-
tion of dopa melanin in premelanosomes gradually in-
creases and fll1ally becomes almost uniform. These obser-
vations suggest 2 possible mechanisms for the involvement 
of glycosylation in melanogenesis: first, the translocation 
of tyrosinases may be regulated by the presence of specific 
carbohydrate moieties; second, melanosomal matrix pro-
teins contain carbohydrates which may contribute to the 
tyrosinase-accepting function or in vivo melanizing func-
tion of tyrosinases after forming particle-bound T3 tyro-
sinase. J Invest Dertnatol 87:319-325, 1986 
to the initiation of melanosomalmelanization as well as the types 
of subsequent melanosome differentiation such as eu- and pheo-
melanosomes, as both types of melanosomes at the ea rliest stage 
of development are found to be identical [6J. Thus, it is imperative 
to take advantage of such hourly anal yza ble and controllable se-
quence from time zero of inhibition removal and to study the 
ultrastructural events observed in the synchronized initial recov-
ery of melanogenesis . We have recently shown, es pecially by the 
glucosamine recovery process, the essential role of coated vesicles 
and their sequential changes in tyrosinase activity in the process 
of tyrosinase transfer and of melanization recovery [7J . In this 
paper, we report a further detailed and comparative electron mi-
croscopic study, using both glucosamine and tunicamycin, on the 
intracellular dynamics of tyrosinases and premelanosomes in the 
initial melanogenesis encountered during recovery from glyco-
sylation inhibition. 
MATERIALS ANQ METHODS 
Materials Tunicamycin was obtained from Dr. G. Tamura of 
the Departn ent of Agricultural Chemistry, University of Tokyo, 
through Dr. A. Kobata of the Department of Biochemistry, Uni-
versity of Kobe, Japan. Glucosamine hydrochloride, dihydrox-
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Figure 1. Glllcosamine- treated B-16 cells on day 1 fo llowing replacement 
with fresh medium lacking glucosam ine. There is a moderate number of 
melanosomes (1"11) w ith vascular structure limi ted by a unit membrane, 
hav ing as yet no re-formation of appa rent melanin parti cles. GA-OS04, 
bar = 0.5 j.Lm . 
yphenylalanine (dopa), and all other materials were obtained frol11 
Sigma C hemical Co. (St. Louis, Missouri). 
Cells B-16 111 0use melanotic melanoma cells were cultured as 
previously reported [3]. T he experiments for glycosy lation in-
hibition and their recovery were performed using glucosamine 
and tunicamycin as described previously [5]. Briefly, remova l of 
glycosylation inhi bition was carried out after exposure o f these 
cells to the inhibi tors for 10-20 culture days , inducing the com-
plete loss of their melanization. Induced unmelaniied melanoma 
cells were washed 3 tim es w ith Hanks' buffer and recultured with 
fresh medium free of glycosylation inhibi to rs. After removal of 
glycosy lation inhi bition, melanization became vis ible 2 days later 
as obse rved after pelleting the cells [5]. 
E lectron Microscopy and Cytochemistry Cultured cells were 
washed twice with Hanks' balanced sa lt so lution and fi xed in situ 
with 2.5% glutaraldehyde in Hanks' buffer for 60 min at 4°C. 
After being washed twice with the buffer for 10 min and th en 
1 % osmiu m tet raoxide for 30 min , the cells were dehydrated w ith 
Figure 2. G lucosamine-treated B-16 cell s on day 2 following replacement 
with fresh medium lacking glllcosam ine. T here is a moderate number of 
melanosomes (1"11) with 3n initiation of pigmentation, simultaneously ex-
hibitin g re-format ion of internal mclanosome matrix with distinctive pe-
riodicity (a rrow), along which deposition of appa rent melanin particles is 
observed. GA-Os04' bar = 0.5 IJ-m . 
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Figure 3. G lucosamine-t reated B-16 cell s on day 3 fo llowing replace ment 
with fresh medium lack ing g lucosa mine exhibit that melaniza tion within 
ellipsoidal mclanosomes (11/) has proceeded to more advanced stages, to-
ge ther w ith mo re completely repaired mclanoso mal mat rix w ith distinc-
tive period icity (arrow) . G A-OsO., bar = 0.5 IJ-m . 
graded ethanol and embedd ed in Epon 812. For the electron mi-
crosco pic dopa reaction, cultured cell s were fixed w ith 2.5% glu-
tara ldehyde in H anks' buffer for 30 min , washed twice with the 
sa me buffer for 10 min, and incubated in 0.1 % dopa so lutio n in 
0.1 M phosphate buffer, pH 6.8 for 5 h, at 37°C, and postfixed 
in the same manner as described above. Thin sections were cut 
with a Porter-Blu m MT-l ul tratome, stained w ith lead citrate, 
and exam.ined under a JOEL 100CX m icrosco pe. 
Quantitative Analysis of Premelanosomes with Internal 
Vesicles To eva luate the numeri cal difference of premelano-
somes with interal microves icles during the recovery from gly-
cosy lation inhibition, the number of stage I and II premelano-
somes was calcul ated by dividin g th em into premelanosomes 
containin g zero to one internal vesicles and those containing more 
than one. For th e calculation, a to tal of 1000 premelanosomes 
was classified and counted in 64-JLm2 cy toplasmic fields of ran-
domly selected melanoma cells. The percentage of premelano-
somes w ith 2 or more microvesicles was determined on each 
recovery day from 0 to 2 days. On day 3 of recovery w hen the 
stage of melanosomes proceeded to a more advanced sta ge, it 
became diffi cult to di stingui sh the premelanosomes with internal 
vesicles due to melanin deposition. 
RESULTS 
Electron Microscopy of Glucosamine-Treated Cells During 
the Recovery Process Fig 1 shows thc appea rance of mela-
nosomes on day 1 of recovery from inhibito r-indu ced unpig-
mented cell s after rem oval of glucosamine. It is seen that re-for-
mation of the rnelanosomalmatrix with periodicity and an increased 
electron density has taken place in some melanosomes, but dep-
osition of apparent melanin particles has not been observed as 
yet. O n day 2, th e cells conta in a moderate number of melano-
somes w ith initiation of pigmcntation, but a large number of 
un melani zed melanosomes remains (Fig 2). M ost of the mela-
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nosomes w ith deposition of melanin particles arc in thc ea rl y 
stages of development . C loscr observation of thesc melanosome 
structures shows that in spite of the initiation of melanization 
w ithin somc mclanosomes, many melanosomcs still have rather 
homogeneous, incomplete m elanoso mal matri x w ithout distinct 
period icity. Further, so me melanosomcs show formation of mel-
ani n particles in spite of having abcrrant structures. T hus, It may 
be pointed out that recovery of melanization within melanosomes 
is attribu tab le to structural repair of the melanosome interior, but 
not new forma tion of structura ll y complete melanosomes. Fig 3 
Figure 5. Dopa-rcacted cell s 0 11 day 3 after rcmoval of glucos3 mine show 
predominant locali zation of dopa melanin in mclanosomes (/II) . GA-dopa-
050., bar = 0.5 p.m . 
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Figure 4. Do pa-reacted cel ls on day 1 aftcr 
removal of glucosamine. T here are a num-
ber of weakly dopa positive prcmelano-
somes (p/ll) in the area, whi le GERL (g l) and 
coa ted vesicles (cv) exhibit a strongly dopa-
positive reaction . GA-dopa-OsO., bar = 
0.5 p.m . 
shows the appearance of melanosomes on day 3 of recovery . 
Melanization within melanosomes has proceeded to more ad-
vanced stages, together w ith formation of periodicity within the 
interior; however, there is still a large number of melanosomes 
w ithout melanin particles. In dopa-rcacted cell s from day 1 of 
recovery (Fig 4), premelanosomes still show weak)y positive re-
action in accordance wi th their remaining aberrant structures , 
w hile GERL and coated vesicles possess a strongly positive re-
action, the deg ree of which is at a level similar to those on day 
o of recovery [4J . T he morpholog ic characteristic of the dopa-
reacted prcmelanosomc interior which differs significantly from 
that on day 0 of recovery [4] is the prescnce of man y empty 
vesicles w ithin their interior, w hose size resembles dopa-positive 
coated vesicles. T heir interior still exhibits less tyrosinase activity 
than that of coated vesicles. These vesicles within premelano-
somes disappear in the dopa-reacted celJs from day 3 of recovery, 
and the premelanosomes show a rather strongly dopa-positive 
reaction in contrast to the weakly positive reaction of premelan-
osomes from day 1 of recovery. In dopa-reacted cells from day 
3 of recovery (Fig 5) , dopa-positive GERL and coated vesicles 
are rarely seen in their developed shapes. 
Electron Microscopy of Tunicamycin-Treated Cells Dur-
ing the Recovery Process Cells on day 1 after removal of 
tunicamycin (Fig 6) still show a large number of aberrant pre-
melanosomes wi th a fine threadlike interior whose appearance is 
not different from that on day 0 of recovery [4J. On day 2 of 
recovery (Fig 7), melanization within premelanosomes starts after 
the concentra tion of a fine threadlike interior becomes less distinct 
followed by the appearance of multi vesicular body-like structure 
within the interior. There are 2 types of microvesicles with in 
premelanosomes: one has electron-dense material within it, the 
other has almost the same density as cytoplasmic coated vesicles. 
On day 3 of recovery (Fig 8), melanization in the premelanosomes 
procecds to the more adva nced stages having 2 different shapes, 
corresponding to eumelanotic and pheomclanoti c melanosomes. 
Dopa-reacted cells on day 1 after remova l of tunicamycin (Fig 9) 
show a predominant loca lization of dopa melanin in GERL and 
coated vesicles. GERL generall y demonstrates markedl y devel-
oped tubulcs and anastomosing tubules with strong dopa melanin 
deposition, and is budding off dopa-positive coated vesicle from 
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Figure 6. Cells on day 1 after removal of 
tunicamycin show a large number of aber-
rant premelanosomes (pm) with a fine 
threadlike interior, often containing vesicle 
structures (arrows). There is as yet no re-
covery of melanization w ithin premelano-
somes . GA-OsO., bar = 0.5 ,.un. 
the tips of the tubules. In contrast, premelanosomes show a rather 
weakly positive dopa reaction with aberrant structures still re-
maining. On day.3 of recovery (Fig 10), most premelanosomes 
show a strongly dopa-positive reaction paralleling re-formation 
of internal structures, w hile GERL and coated vesicles with dopa 
melanin deposition become less distinct, clearly demonstrating 
changes in localization of dopa melanin from GERL and coated 
vesicles to premelanosomes during the recovery process . 
Quantitative Analysis of Premelanosomes with Internal 
Vesicles To correlate seq uential changes in the population of 
vesicle-containing premelanosomes with the translocation of ty-
Figure 7. Cells on day 2 after removal 
of tunicamycin. Many multivesicular 
structures are concentrated into prc-
melanosome interiors (pm). GA-OsO., 
bar = 0.5 j.Ltn . 
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ros inases from GERL to premelanosomes and the subsequent 
differentiation of the melanosomes that occurs, stage I and II 
premelanosomes were compared for the number of premelano-
somes with many microvesicles and w ith 0-1 microvesicles dur-
ing the repigmenting process . Quantitative analysis of the pop-
ulation of premelanosomes with internal vesicles (Fig 11) has 
revealed that during the recovery period, there is a numerical 
increase in vesicle-containing premelanosomes. In glucosamine-
treated cells , the number of vesicle-containing premelanosomes 
slightly increases from day 2 of recovery, w hile in tunicamycin-
treated cells, there is a 6-fold increase by day 2 compared with 
gl u cosa mine-trea ted cells. 
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Figure 8. Cells on day 3 after removal of tunicamycin show a large 
n um ber of spheri ca l mclanosomes (III) with va riolls stages of melaniza tion . 
GA-OsO., bar = 0.5 /-Lm . 
DISCU SSIO N 
Since m elanogenesis includes various maturation steps of tyro-
sinase [8,9] as well as th e differentia tion and melaniza tion o f pre-
melanosomes [6], an analysis of the synchronized recovery pro-
cess of remclanization w hich occurs durin g the period after 
interrupted melanogenesis by glycosylati on inhibition provides 
an excellent opportunity to co rrelate the initial melanogenes is 
w ith the behavior and subcellular distributi on of tyrosinase iso-
zymes , as well as w ith maturation and differenti ation of mela-
nosomes. Parallel to the biochemical events [5] of the rea ppea rance 
o f particle-bound T 3 tyrosinase between 24 and 48 h after remova l 
of glycosylation inhibitors, melanization within premelanosomes 
starts after reorganiza tion of internal melanosomal matrix, bu t 
the m orphologic recovery o f melanosomes diffe rs between glu-
cosamine- and tunica m ycin-treated cells. T he fo rm er recovers its 
internal structures by forming individual fil aments showing cross-
striation with distinctive periodicity , along which melanin dep-
osition occurs, while the latter produces mainl y spheroidal o r-
ganeles, limited by a unit membrane, having an evenly dispersed 
component of small g ranular stru ctu re, within w hich melaniza-
tion proceeds . Although why the marked structural difference in 
the differentiation of the melanosomes occurs during the repig-
menting process is not yet completely und erstood, this would 
indicate that the glycosylation-dependent stru ctural alteration of 
the premelanosom es at the earlies t stage of development contrib-
utes to the types of subsequent morphologic diffe rentiation of 
melanosomes because both inhibitor-treated cells at hour 0 of 
recovery differ from each other in terms of the intensity of their 
structural aberration, with tuni ca m ycin-trea ted cells being more 
marked than that o f glucosamine-trea ted cells [4]. 
Jimbo w et a!. [6], wo rking with the follicular melanocytes of 
m ouse hair, showed that the mode of internaliza tion of small 
vesicles, referred to as visiculoglobular bodies, in to melanosomes 
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is entirely di ffe rent in eumelanogenesis and pheomelanogenes is 
and that there is a significa nt numerical di ffe rence of vesiculo-
globular bodi es depending on the genetic background of th e an-
inn Is as well as type of tissues . Present evidence that small vesicles 
internalizing into premelanosomes (s tages I and II ) are more nu-
merous in cell s recovering fro m tunica m ycin trea tment th an in 
th ose recovering from glucosamine trea tment suggests that their 
number varies g reatl y dependin g no t onl y on the type of melan-
ogenesis but also on environmental conditions. T his is also the 
case in theo ph ylline-stimulated pigment cells in w hich pheomel-
anosome-like g ranules predominantly increase. [1 0]. 
In contras t to the report ofHalaban et al [9] of the glycosylation-
dependent tyrosinase maturation indica tin g that O-glycosylation 
is the maj or biochemical event in the posttranslational modifi -
ca tion of tyrosinase, an important observa tion m ade in the re-
pigmentin g process was that th e transition of tyrosinases fro m 
the GERL-coa ted vesicle system to premelanosomes almost par-
allels in time sequence our previous biochemi ca l events of T3 
tyrosinase recovering remelaniza tion, strongly suggesting that N-
glycosylation of tyrosinases and premelanosome pro teins is a key 
process fo r tyrosinase transfer w ithin melanogeni c compartments, 
as well as fo r subsequent melaniza tion of premelanosomes. Pos-
sible explanations fo r this findin g are isozyme diffe rences because, 
sim ilar to the work of H alaban et al [9], in our previous study 
[11] tunica m ycin did no t inhibit the maturation of tyrosinases to 
sialic acid- rich T l tyrosinase although their structural alteration 
of carbohydrate moieties was found . Further interpretation of the 
essential process of glycosylation-dependent tyrosinase matura-
tion is limited until sequential steps of processing-dependent ca r-
bohydrate matura tion are clarified for each tyrosinase isozyme. 
In a lin kage between tyrosinase glycosylation and its translo-
ca tion, it should be noted that in the lysoso me system , coa ted 
vesicles play an essential role in ca rrying lysoso mal enzym es to 
lysosomes in a glycosylation-dependent manner. Thus, it has been 
recentl y reported [1 2,13] that the selective targeting of lysosomal 
enzy mes to Iysoso mes is strictl y regulated by the interaction be-
tween phosphomannosyl residues on the oligosaccharide moieties 
of synthesized lysosomal enzymes and mannose-6-phosphate re-
ceptors w hi ch are generall y localized in cis Golgi cisternae, coa ted 
vesicles, and in Iysosomes, the distribution of w hich has a sim-
ilarity to that of tyrosinases in the pigment cells [1 4]. Our previous 
incorporation stud y [11] showed th at among subcellular frac tions, 
there is the highest incorporation of [3HJmann ose in the melan-
osome-rich fraction of untrea ted B-1 6 cells and that selective in-
hibition o f the incorporation occurrs in the melanosome-rich frac-
tion of tunicam ycin-treated cells. Since there are simultaneous 
recoveries of [3H]mann ose incorporation [5], aberrant melano-
somes, and of tyrosinase transfer, it may be suggested that mor-
phologic repair of melanosome interiors is required fo r subse-
quent tyrosinase transfer through the recovery of a possible acceptor 
function of melanosome membrane-like mannose-phosphate re-
cepto r. T his speculation is corroborated by the fac t that a mark-
edly concentrated deposition of dopa melanin in well-developed 
GERL structures and many coated vesicles is occurring prior to 
the tyrosinase transfer and morphologic repair of melanosome 
interio rs. Another example of a defective fun ction of the melan-
osome membrane and hypopigmentation was also found in the 
case of tyrosinase-positive albinism of human and mouse hair 
follicles, as seen in the aberrant melanosomes and res tricted lo-
calization oftyrosinases in the GERL-coated vesicle system [15]. 
T he present evidence, together w ith biochemical findin gs on 
the recover 'es of T3 and melanization [5], would indica te that 
melanogenesis is regulated by intracelluar maturation and trans-
loca tion of melanin-synthesizing enzy me, tyrosinase, w hi ch is 
primarily in volved in its N-glycosylation and by diffe rentiation 
of the tyrosinase-accepting o rganelle, premelanosome. T he spe-
cifi c function of the componcnt w hich specifically binds w ith 
tyrosinase w ithin premelanosomes fo r the initiation of in vivo 
melanization, howcver, remains to be elucidated. 
Figure 9. Dopa-reacted cells on day 1 after 
removal oftunicamycin show predominant 
loca lization of dopa melanin in GERL and 
coated vesicles. GA-dopa-Os04, bar = 0.5 
p.m. A, Strongly dopa-positive tubular and 
anastomosing GERL (g l) with budding and 
budded off (arrow) coated vesicles (cv) are 
seen . Premelanosomes (Pili) show relatively 
weak dopa reactions. B, Coated vesicles (cv) 
presumed to be budding off GERL (g l) (ar-
row) show strongly dopa-positive reactions 
whi le premelanosomes (pm) exhibit weakly 
dopa-positive reactions. C, Dopa-positive 
GERL (g l) consists of well developed tu-
bular (t), anastomosing tubular, and octo-
pus- like structures. 
Figure 10. Dopa-reacted cells on day 3 after removal of cunicamycin 
show a predom in ant localiza tion of dopa melanin in mclanosomcs (m). 
GA-dopa-Os04' bar = 0.5 p.m . 
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